An artificial pyritic coal spoil was prepared and examined over a period of 1.5 years for changes in the population of various physiological varieties of bacteria and also for mineral leaching. Heterotrophic bacteria were the first to dominate the spoil, acquiring a population of 107 cells per g within 2 weeks. Bacteria capable of utilizing choline sulfate as the sole source of energy comprised approximately 1% of the total heterotrophic bacteria. Sulfur-oxidizing autotrophic bacteria (Thiobacillus) and fmally iron-oxidizing bacteria (Thiobacillus ferrooxidans) increased in the population, the latter becoming the dominant species where acidity was greatest. Partition of species paralleled partition of acidity in the spoil.
When materials containing elemental or reduced sulfur are unearthed and left to weather in moist air, sulfuric acid is generated. This acid and the mineral sulfates leached from these materials harm plants and animals in the area. Sites of such harmful activity include coal mine refuse dumps and soil contaminated with sulfur-bearing coal. Sulfur-oxidizing bacteria have long been recognized as responsible for the acid formation (14, 18) . A site where sulfur-oxidizing bacteria thrive to produce an adverse effect on the environment will be referred to as a spoil. Current concern for the control of environmental pollution has provided impetus to the study of these bacteria and the adverse effects which result from their activities (2, 5, 17) . Many investigators have examined species of microorganisms isolated from coal mine waters and refuse. Surprisingly, however, there has been no systematic study under controlled conditions by one laboratory over a protracted period to follow the microbial and mineral succession in a coal spoil. The work summarized here attempts to fil this void. Freshly excavated sulfur-bearing coal was mixed with soil, suitably inoculated, and examined over a period of 1.5 years.
MATERIALS AND METHODS
Preparation of an artificial coal spoil. Freshly excavated coal and overburden were collected from the Bevier coal seam, Macon and Randolph Counties, Mo. Wedge et al. (20) have analyzed Bevier coal. The mean sulfur content of the dry coal is 5.36% (3.56% pyritic sulfur, 1.34% organic sulfur, and 0.46% inorganic sulfate sulfur). Elemental sulfur, if present, would fall in the organic sulfur category, which is calculated by difference. (The sum of pyritic sulfur and sulfate sulfur is subtracted from the analysis for total sulfur.) No elemental sulfur is claimed to be present in Bevier coal (20) and is also cited as rare or nonexistent in Illinois coal (8) . According to Wedge et al. (20) the prevalant mineral cations in Bevier coal are iron (3.25%), calcium (0.82%), aluminum (0.77%), potassium (0.14%), magnesium (0.049%), sodium (0.026%), and manganese (0.0079%). Alden Carpenter (personal communication) finds the predominant minerals in the Bevier overburden (shale and subsoil) to be quartzite (SiO2), kaolinite [Al2Si2O5(OH)4, calcite (CaCO3), and illite (a complex of hydrated oxides of potassium, aluminum, ferric iron, magnesium, and silicon, in varying proportions).
At the laboratory the three components (coal, shale, and subsoil) were individually crushed and sifted through a 0.5-cm sieve to remove coarse material; 25 kg of dry, homogenous mix was prepared, comprising of acidic soil and drainage water, with mud, from an old coal strip mine spoil in Calloway County, Mo. (a residium of the Bevier coal seam), was emulsified in 20 liters of distilled water. This was decanted into the plastic tray so as to not disturb the mound or muddy the water. Overnight the inoculum rose into the conical mound, moistening it to the summit. Thereafter, as water evaporated from the surface of the mound and from the pool in which the mound rested, additional distilled water was decanted into the pool (not onto the surface of the mound) to maintain the water level in the pool at a depth of 5 cm. The volume of the pool was 8 liters. The mean evaporation rate was 1.5 liters/day.
The artificial coal spoil was held in an environment room at 27 ± 2°C, with a dark-light regimen of 12 h dark/12 h light. Illumination was provided with fluorescent and incandescent bulbs to approximate natural light and to yield, at the surface of the mound, half way up its slope, 1.5 x 104 ergs/cm2-s (measured with a model 65 YSI-Kettering radiometer), equivalent to a heavily overcast day. After 52 weeks, rain was mimicked by sprinkling distilled water over the mound.
Bacteria and mold assays. Periodically, beginning 16 h after inoculation, 1-g samples were removed at a 1-cm depth from the mound at two sites, the first 5 cm above mean water level (designated the littoral) and the second 5 cm below the summit (designated the heights). These two sites are approximately 10 cm apart, as measured vertically on the 25-cm-high mound. Samples were mixed in water on a Vortex shaker for 2 min, serial dilutions were prepared, and assays were undertaken in a variety of media, as described below.
Heterotrophs (bacteria and molds) were estimated on a peptone-glucose medium consisting of, per liter, 3 Observations to detect presence of other organisms. Water and mud from the pool and the littoral were examined microscopically for protozoa and algae. Populations were not determined. An arthropod and a moss were examined when they appeared.
Mineral salt analyses. At first, when mineral desposition was slight, removal of a sample uncontaminated with soil was difficult. Therefore, the sample was suspended in water to dissolve the soluble salt, which was decanted from the insoluble soil and recrystallized. Later, as the mineral deposit built up in mass, flakes of it which were uncontaminated with soil could be removed. These samples were especially valuable because the hydration state of the native salt could thus be determined, aiding in the identification of the mineral species. Moisture content of the salts was determined by dehydrating specimens in an oven at temperatures of between 350 and 400°C for 3 h (7).
Sulfate was determined by dissolving a specimen in (10) . Cation assays were carried out by atomic absorption and flame emission with a Jarrell-Ash model 82-000 0.5 M Ebert spectrometer. Specimens of salt were dissolved in 0.1 N HCl, and lanthanum chloride (1,000 mg/i) was added to prevent phosphorous from interfering with magnesium and calcium. Magnesium was determined by atomic absorption, second order, at 570.4 nm; calcium, iron, aluminum, and sodium were determined by flame emission at 422.7, 372.0, 391.6, and 589.0 nm, respectively.
The mineral species of a particular salt was identified directly by X-ray diffraction and indirectly by chemical analyses with attention to hydration of the salt (as determined above).
RESULTS
Bacterial succession. The change in bacterial populations during the first 8 weeks was essentially the same at both sites, but acidity developed more quickly on the upper portion of the spoil ( Fig. 1A and B). The heterotrophic bacteria were the first to dominate the spoil, reaching a population of approximately 107 cells per g within 2 weeks. The proportion of choline utilizers compared with the total bacterial heterotrophs remained practically constant at the littoral. After 8 weeks the relative populations of the different physiological varieties was strikingly different. Along the littoral, where the pH was 5, the heterotrophic bacteria were dominant, whereas on the upper portion of the mound, where the pH had dropped to 2.6, the ironoxidizing bacteria were dominant and the bacterial heterotrophs were numerically insignificant.
On the heights after 36 weeks (Fig. 1B) assays with sulfur and ferrous sulfate media were identical. Both media were populated with the same bacteria, namely Thiobacillus ferrooxidans, because this species can utilize either sulfur or ferrous iron as an energy source. Transfer of growth from a sulfur assay tube to fresh iron medium elicited growth in the latter, and the reciprocal transfer also elicited growth. T. ferrooxidans maintained its high population over the 78-week period.
Sulfur oxidizers that cannot utilize ferrous iron showed two maxima ( Fig. 1 , shaded triangles). These peaks occurred at about the same time at both sampling sites; the first occurred at 6 weeks, and the second occurred at 22 weeks. This may represent diphasic growth by a single species due to some change in the environment or, alternatively, the two peaks may represent populations of two different species. Note that those individuals of T. ferrooxidans in the inoculum which, through chance, found themselves at the littoral perished but on the heights, T. ferrooxidans attained a high population. This partition by elevation is illustrated in Table 1 ; it is sharply delineated, and it is discussed in more detail below. The early sulfur oxidizers, those that were encountered in the sulfur medium inoculated from the littoral (Fig. 1A) and at a high titer in sulfur medium inoculated from the heights before week 24 (Fig. 1B) , did not grow in ferrous sulfate medium or in peptone-glucose medium. The identity of these bacteria remains to be determined. They grew at pH 3.2 in the sulfur assay medium. When material from this medium (at week 32) was streaked onto thiosulfate agar (pH 6.7), two kinds of colonies were noted; the predominant type was minute and transparent, whereas the minority type was larger (diameter, 1 mm), white, and opaque. These colonies are characteristic of T. thiooxidans and Thiobacillus neapolitanus, respectively (3). Thus, the first peak may represent growth of T. neapolitanus, and the second peak may represent growth of T. thiooxidans. However, this supposition awaits closer scrutiny. The form of sulfur in the spoil utilized as substrate by them is not known. This matter is discussed further below.
Perhaps the most critical period in the history of the spoil occurred between weeks 10 and 20. At the littoral (Fig. 1A ) the widest irregularities in pH and bacterial heterotroph measurements occurred. On the heights (Fig. 1B) a hump in both the pH and bacterial heterotroph curves is noted. Within this interval a shift in sulfur-oxidizing species (or diphasic growth of a single species) was manifest, and T. ferrooxidans proliferated most rapidly. Also the pH dropped rapidly. Moreover, mineral encrustation of the surface of the mound increased maximally (Table 2). Additional study will be necessary to separate causes and effects. Certainly, a reinforcement between acidity (whatever its source) and growth by T. ferrooxidans must be considered.
The mold species were not identified. The genus Aspergillus was encountered with regularity. The natural spoil from which the inoculum was acquired contained many Aspergillus isolates, along with other genera, and a common species was Aspergillus fumigatus. This organism grows over a wide temperature range, as high as 460C, and is pathogenic for humans (M. R. Tansey, personal communication).
Succession of other organisms. Algae were first detected during the week 5, although undoubtedly they began to grow earlier than this.
No attempt was made to isolate them from the soil, nor were they examined in detail, but the order Chlorococcales and the genera Oscillatoria and Navicula were identified. As the acidity of the water in the pool increased, primarily four different assay media, and the energy source in each medium is indicated. Symbols: 0, peptone-glucose agar plates, bacterial colonies; O, peptone-glucose agar, mold colonies; 0, liquid medium with choline-Osulfate as energy source; A, liquid medium containing sulfur as energy source; A, liquid medium containing ferrous sulfate as energy source. All samples were taken at a 1-cm depth. Populations in liquid medium were determined by the most-probable-number technique.
after artificial rain was administered to the mound (Table 2) , the algae in the water were adversely affected, but they remained alive along the littoral, especially in zones where acidity remained low. Protozoa, both cilliates and flagellates, were noted throughout the period of study, but their numbers and varieties diminished as the acidity of the pool increased. The arthropod Podura aquatica was first noted at week 12 and thrived thereafter. The moss Physcomitrium pyriforme was observed at week 19 (Table 2) the encrustation of mineral salts which covered much of its growth. Fruiting did not occur uniformly, but only in one patch where conditions, as far as could be discerned, were no different than elsewhere on the littoral. The sequence of events is summarized in Table 2 .
Leaching of mineral salts from the spoil. By week 7 a delicate, white mineral efflorescence (giving the appearance of frost) began to form over the surface of the mound. This mineral efflorescence was found to be composed of almost equal parts of calcium and magnesium sulfates (Table 3 , sample 1).
By week 16 the appearance of the mineral deposit had changed from a fuzzy, frostlike efflorescence to a heavy crust which resembled white, sugary cake frosting. Although it was scattered over the entire surface of the mound above the littoral, it was far more pronounced on the upper half of the spoil. It was composed primarily of magnesium sulface hexahydrate (hexahydrite; Table 3 , sample 2). Sodium, iron, and aluminum were encountered in smaller quantities (Table 3) . Traces of Mn, Ni, Co, and Cu also were detected. The development of this mineral crust was most rapid between weeks 10 and 20, concomitant with rapid formation of acid and with proliferation of T. ferrooxidans (Fig.   1B) .
By week 25 yellow discoloration began to develop in the crust near the summit. Thereafter the samples were collected in two portions, one from the yellow zone (which darkened to a striking golden color with time), and the second from lower on the slope where the crust remained white. Dual samplings were collected at weeks 25, 34, 45, and 70 (Table 3) . Undoubtedly, iron was responsible for the discoloration, as its concentration in the crust increased progressively (Table 3 ). The golden discoloration was confined to the upper elevations, coinciding exactly with the location of high populations of T. ferrooxidans (Table 1) .
Calcium, as sulfate, was leached from the spoil at the same time as the other cations, but, being less soluble, it was less mobile and thus progressed more slowly through the mound as the salt solution evaporated at the surface. Aside from its initial appearance in the early efflorescence, calcium sulfate was detected in quantity only in the underlying layer of mineral deposit, which was exposed after the more soluble surface salt had been removed or washed away. The calcium sulfate occurred as the dihydrate (gypsum) ( Table 3 , sample 7).
Sodium and aluminum ions also were leached from the spoil in quantity. The aluminum salt did not partition itself with the same uniformity as the iron salt, but in general its concentration was highest where concentration of iron was highest.
Mineral encrustations from two natural coal spoils were also analyzed, (Table 3) . They, too, were primarily magnesium sulfate (hexahydrite). Observe that sample 10 contained, in addition, appreciable aluminum sulfate (alunogenite).
The decision to delay artificial rain was fortuitous. It permitted the observation of the development of the striking mineral crust already described and permitted the collection of this leachate to identify mineral species. After week 52 2 liters of distilled water was sprinkled over the mound twice each week for 7 weeks. The very first 2 liters dissolved the highly soluble white and golden crust and washed it into the pool, but very little erosion of the mound occurred. On the upper slopes the underlying deposit of gypsum bound the soil particles, whereas on the lower slopes the moss performed this same function. Several weeks after the rain the mineral crust reappeared, partitioned exactly as before.
Reproducibility of results. All results were derived from the third mound in a series of three such mounds. Although the results from the first two mounds cannot be compared with the third in all details, because they were used in preliminary studies to select the most suitable assay procedures, results from them sustain the results summarized here. For example, in all three spoils the heterotrophic bacteria were the first in succession, the acidity partitioned itself in relation to elevation, T. ferrooxidans became the dominant species where acidity was high, and mineral encrustation developed in a similar temporal sequence. VOL. 36, 1978 on June 29, 2017 by guest http://aem.asm.org/ 2 Chemoheterotrophic bacteria in the mound attain their maximum population. 5 Algae appear at the littoral and protozoa appear in the pool. 7 A delicate, white mineral efflorescence (like frost) forms over the surface of the mound. 9 The mineral efflorescence consists of calcium and magnesium sulfates (Table 3 , sample 1). 10 Patches of filamentous algae appear in the pool; many protozoa and bacteria appear. 12 Water fleas (springtails), identified as P. aquatica (order Collembola), appear at the littoral and on the surface of the pool. 14 Algae of the order Chlorococcales and of the genus Oscillatoria and also a diatom identical, or similar, to Navicula are detected in the pool; many ciliated and flagellated protozoa and bacteria are also seen; the pH of the pool is 6.5. 15 The acidity of the soil and the population of the sulfur-oxidizing chemoautotrophic bacteria therein approach maximum values (Fig. 1A and B) . 16 The white mineral efflorescence becomes heavy on the upper half of the mound, becoming thickened to form a crust, a crystalline frosting. 18 The mineral crust on the heights and at the summit becomes a discolored yellow; this is due to the disposition of iron (Table 3 , sample 4). 19 Patches of moss appear along the littoral; the pH of the water is 5.2. 25 The mineral crust becomes the dominant and most striking feature of the mound; it is golden on the heights and pure white on the lower slopes. Moss on the lower slope becomes heavily encrusted, apparently with little harm. The pH of the pool is 5.0. Living algae include Oscillatoria and Navicula. Some mud areas below water level have a pH as high as 6.2. 30 A total of 46 g of mineral crust are lifted from the surface of the mound, bringing the total quantity of salt collected to date to 70 g. (For anion and cation analyses of the salt samples, see Table 3 .) 36 The bacterial soil populations approach climax; hereafter they show relatively little change (Fig. IA and B). 52 Rain is mimicked by gently sprinkling the mound with distilled water. The highly soluble mineral crust is thus dissolved and washed into the pool, uncovering a layer of less-soluble mineral deposit which has congealed the underlying soil particles. The rain is continued, 2 liters twice each week. The poorly soluble mineral deposit binds the soil particles; thus the water is shed easily without eroding soil from the surface of the mound. 59 The rains are discontinued. A sample of the congealed soil is analyzed, and the mineral deposit is identified as primarily gypsum (Table 3, sample 7) . 68 A mineral crust has again formed on the surface of the mound, golden on the heights, white on the lower slopes. A patch of moss at the littoral has fruited, permitting its identification as P. pyriforme, aberrant in possessing gemmae, budding structures that aid vegetative growth. 70 The last salt sample is assayed, confirming that the principal salts to be leached from the mound are the sulfates of Mg, Ca, Al, Fe, and Na (Table 3, sample 8 ). 73 The pH of the pool is 4.5; yet motile cilliated and flagellated protozoa are present along with many bacteria. In the pool the algae fare badly; Navicula appears to be dead. The P. aquatica thrive. The pll of the littoral is 5.0 (Fig. 1A) , and the moss remains alive. Some zones along the shoreline and in muddy areas below water level show pH values of from 5.0 to 6.2, and algae live there and amid the moss growth on the littoral. The pH on the heights and summit is 2.6 (Fig. 1B) . 78 Final bacterial assays confirm the partition of bacterial species at different elevations on the mound (Fig. 1A and B) . (Fig. 1B) and is unable to grow or even survive at the littoral (Fig. 1A) . This species cannot long survive above pH 6.5 and cannot utilize iron except in the highly acidic range of pH 4.2 to 2.6 (12) . The similar acid requirement for sulfur oxidation can account for its unsuccessful competition with the sulfur oxidizers (Fig. 1A) . Because the pH of the mound was 7, acid must be generated before such acid-loving species may thrive. Acid can arise several ways biologically. First, it may be formed by sulfur-oxidizing bacteria, for example, T. neapolitanus, that oxidize sulfur compounds (or elemental sulfur) at neutrality. (If elemental sulfur or soluble sulfide are present in trace amounts in the coal, they may escape detection by chemical gravimetric analyses, yet be sufficient to initiate acid generation.) Second, acid may be formed by heterotrophic bacteria, for example, some Pseudomonas species (3) that oxidize sulfur compounds gratuitously. Other heterotrophic bacteria and molds may form organic acids and also C02. Some organic acids, however, damage the cell envelope of T. ferrooxidans (16) . Third, sulfuric acid can be liberated by heterotrophic bacteria (possibly also molds) through the hydrolysis of organic sulfate esters. Bacteria with the ability to hydrolyze choline sulfate were isolated from the mound (Fig. 1) . Organic sulfate esters occur in peat (4), but have not yet been detected in coal. Fourth, the pH may be lowered by filamentous iron bacteria of the genus Metallogenium, as suggested by Walsh and Mitchell (19) . When their method of isolation was used, however, this genus was never encountered from the artificial spoil or from the natural spoil which provided the inoculum. In order that acid be generated by any one of these routes, a suitable substrate must be available. Neither the heterotrophs nor the low-acid-tolerating thiobacilli (14) can attack pyrite. A candidate substrate is the organic sulfur present in Bevier coal (20) . Perhaps species among the heterotrophs, which are the first to dominate the mound, attack the organic sulfur compounds in the coal. If these compounds are degraded, the sulfur from them becomes available for oxidation by the heterotrophs or by low-acid-tolerating thiobacilli. The following observations are relevant. Hutchinson and White (9) observed that sulfur in the effluent from coke ovens was oxidized in the absence of autotrophic thiobacilli, and they isolated sulfur-oxidizing heterotrophs from this effluent. Dugan and Apel (6) noted that desulfurization of coal is more efficient with mixed cultures than with autotrophic thiobacilli alone. The heterotrophic bacteria are apt to be an important component in the ecology of coal spoils. However, that they are indispensable for most rapid desulfurization of coal spoils has yet to be proven.
The salts leached from the artificial spoil in greatest quantity were calcium sulfate and magnesium sulfate. The former occurs as the dihydrate, gypsum, and has been reported in the literature on numerous occasions. The latter occurs as the hexahydrate, hexahydrite, and has not been reported. For example, in a thorough review of the microbial formation and degradation of minerals (12), hexahydrite is not mentioned, although epsomite, the heptahydrate, is cited. Epsomite was encountered rarely, and then only in small amounts as leachate from the artificial spoil. Moreover, hexahydrite, not epsomite, was encountered from the natural spoils examined. It seems probable that this mineral species has, on occasion, been incorrectly identified as epsomite. This is surprising since the two differ not only in hydration but also in their cystal form (11) .
The source of the magnesium was not solely the coal. The 2.3 kg of coal in the mix contained about 1.0 g of magnesium, based on a magnesium content of 0.049% for Bevier coal (20) . Already by week 30, 70 g of salt had been collected from the mound (Table 2) . On a dry-weight basis this is somewhat greater than 37 g. In the large bulk salt samples taken from the mound, the magnesium ranged between 10 and 20%. If the lower value, for a conservative estimate, is taken, this represents 3.7 g of magnesium, more than three times the amount present initially in the coal. Thus, magnesium was leached also from the overburden and from the kaolinite and/or Wiite.
Extrapolation from the artificial spoil to natural spoils. In a natural coal spoil wide variations in acidity over a small area are commonplace. A "hot spot" may measure pH 2, whereas 1 m away poverty grass (genus Aristida) thrives at pH 5.5. Heterotrophic bacteria with pH optima near neutrality are encountered in acidic mine water (5), as different pH zones shed their characteristic floras into mine drainage, especially after a heavy rain. The artificial spoil was prepared so as to be homogeneous; yet in addition to the partition of acidity with elevation already cited, acidity varied along the shoreline, especially in areas of moss growth. 
